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The mammalian gut is a complex ecosystem with three main interacting components: the intestinal epithelium with its neuronal connections, the gut-associated immune tissue and the commensal microbiota. These components have several bidirectional interactions. The microbiota, for example, are essential for the emergence of T cell subsets and the differentiation of gut B cells into IgA-producing plasma cells [1] [2] [3] [4] [5] [6] [7] . Conversely, hosts that lack T and B cells, that make only IgM antibodies or that have defective innate immune sensors show changes in intestinal microbiota [8] [9] [10] that sometimes lead to metabolic abnormalities and obesity 8 . Between the commensals and the intestinal epithelium, some dialogues induce the epithelium to produce specific fucosylated glycans 11, 12 , whereas others increase energy harvest from food 13 .
It has been proposed that trialogues may also govern gut metabolism 14 , but there has been no direct evidence for this idea. Here we show that a trialogue does indeed exist. A defect in adaptive immunity indirectly influences the balance between metabolic and immune functions of the gut epithelium via a three-way conversation between the two host systems and the intestinal microbiota.
Normally, immune protection in the gut results from a partnership between the immune system (supplying B cells, T cells and innate immune cells) and the epithelium (supplying antimicrobial peptides and a mucosal layer that hinders bacterial invasion 2, 15 ). To begin deciphering the immune system's effect on the homeostatic functions of the gut epithelium, we studied global gene expression in the jejunum of B cell-deficient mice. In the presence of the microbiota, the intestinal epithelium in these mice launched its own defense mechanisms, activating innate immune genes at the expense of metabolic ones primarily regulated by the transcription factor Gata4. This created a defect in fat absorption resulting in decreased body fat and leptin levels. The molecular features of the malabsorption found in the B cell-deficient mice were also present in IgA-deficient mice, humans with common variable immunodeficiency (CVID) and humans with HIV infection.
These data support our previous suggestion that tissues take an active role in their own defense 16, 17 . When the immune system functions optimally, the intestinal epithelium can concentrate on its metabolic functions. However, if the immune system is dysfunctional, the epithelium takes on some of the missing immune functions at the expense of its metabolic activity. This is also the first example, to our knowledge, of a trialogue (in mice and humans) in which the adaptive immune system, the intestine and the microbiota govern a homeostatic metabolic function.
RESULTS
Gene expression in the gut of B cell-deficient mice B cells are among the most prominent populations of immune cells in the small intestine's lamina propria, presumably because of their role in protection from pathogens. We started studying their role in intestinal homeostasis by examining gene expression in the jejunum of B cell-deficient (BcKO) mice. To exclude effects of particular mutations or of unique background genes, we included mice carrying two different mutations preventing B cell development (µMT: carrying a deletion in the transmembrane domain of the IgM heavy chain; and JhKO: carrying a deletion in the J segment of the immunoglobulin heavy chain locus) on two different strain backgrounds (B10.A and BALB/c). To identify robust gene profiles, we used large sample sizes (27 mice per group, see Supplementary Fig. 1a ) and compared homozygous deficient mice to heterozygous littermates and also to wild-type (WT) non-littermates (Fig. 1a) . After we excluded genes expressed in B cells, about 280 genes (298 geneprobes) showed expression differences between both types of BcKO mice and their respective controls (Fig. 1b, Supplementary Table 1 and Supplementary Fig. 1b ). Here we refer to this set of genes as the 'BcKO profile' .
By Gene Ontology enrichment analysis, most of the genes upregulated in B celldeficient intestines were involved in immunity, including genes related to defense, inflammatory and interferon-inducible responses ( Fig. 1c and Supplementary Fig. 2a) . These results suggest that loss of one part of the immune system (B cells) leads to compensatory changes in other parts.
The downregulated genes were mostly involved in various metabolic processes (Fig. 1d) , predominantly oxidation and reduction (electron transport, energy generation) and lipid, steroid and cholesterol metabolism and transport. These changes were not due to simple loss of intestinal epithelium, as careful morphological examination showed no differences between BcKO and control mice (Supplementary Fig. 2b ). This downregulation of metabolism-related gene programs suggests that the intestinal epithelium, despite normal morphology, cannot optimally handle nutrients or perform metabolic functions in the absence of B cells.
IgA is crucial for normal intestinal gene expression Although B cells might affect gut homeostasis in several ways 18, 19 , the most likely is via antibody production. We therefore studied the gene expression profile of AID and µS double-knockout mice, which carry a deletion in the gene for activation-induced cytidine deaminase, and a deletion in the secretion-specific portion of the gene encoding IgM. These mice have B cells but do not produce secreted antibodies 9, 20 . The correlation (r = 0.8) between the 280-gene profile of the antibodydeficient and of the two types of BcKO mice (Fig. 2a) was nearly as good as the correlation (r = 0.85) between the two BcKO strains themselves (Fig. 2b) , showing that antibody deficiency accounts for most of the gene expression properties of the B cell-deficient phenotype.
Because IgA is the major antibody class in the gut, we next obtained the intestinal expression profiles of mice deficient for IgA by virtue of a deletion in Igh-2 (IgAKO). The comparison of gene expression alterations in BcKO and IgAKO mice (to their respective controls) indicated that about 70% of the phenotype seen in BcKO mice seemed to be due to the absence of IgA (Fig. 2c) , despite a ~100-fold compensatory increase in intestinal IgM gene expression (Fig. 2d) . Thus, the majority of the intestinal effects of B cells seem to be mediated by IgA, and only a few depend on other B cell functions. Microbiota are essential for the B cell effect Because most of the antibodies in the gut are directed against the microbiota 21 , a plausible scenario would be that IgA deficiency leads to general overgrowth of microbes and/or greater microbial access to the jejunum of BcKO mice. We found no difference in total amounts of bacterial DNA (Fig. 3a) , but serum lipopolysaccharide (LPS) concentrations were higher in BcKO mice compared to control mice ( Supplementary Fig. 2c ), suggesting that antibody deficiency might change the species distribution within the microbial community. We therefore analyzed the microbiota in the jejunum by sequencing DNA coding for 16S bacterial ribosomal RNA (a highly conserved gene) and comparing the compositions of different taxa. To control for non-genotype-related factors (such as age, environment and parentage) we performed pairwise comparisons of sex-matched BcKO and control littermates. To control for potential seasonal changes in parameters such as lighting, and for different batches of food and bedding, we did two independent experiments 4 months apart. Overall, the bacterial composition was similar among control and BcKO mice (Supplementary Fig. 3a) . However, there were moderate differences in three families. BcKO mice harbored fewer Clostridiacea-family bacteria and more of the Paracoccus genus (Rhodobacteraceae family) and of a specific operational taxonomic unit (OTU) comprising the Lactococcus genus subgroup F49WGKH02HS7CN (Streptococcaceae family; Supplementary Data) (Fig. 3b) . All these bacteria were minority representatives of the community in both BcKO and control mice, with the most abundant one (Clostridiacea) making up only about 0.4% of the jejunal bacteria (Supplementary Fig. 3b ), suggesting that small changes within the microbial community may promote substantial alterations in intestinal function. Alternatively, these changes in bacterial populations may be a side effect of antibody deficiency and have little role in the metabolic changes we saw.
To test these possibilities, we derived germ-free lines of BcKO mice (both µMT and JhKO), plus their corresponding germ-free controls, and compared their jejunal gene expression profiles. The expression differences between BcKO and WT mice disappeared under germfree conditions for all but six genes of the BcKO profile (Fig. 3c) . All of the germ-free mice, regardless of their B cell status, resembled the conventionally reared WT controls (Fig. 3d) rather than the conventionally reared BcKO mice, suggesting that the microbiota do indeed have a role in the decline of metabolic gut function that occurs in the absence of B cells.
We next asked whether the phenotype required precisely the microbial populations of the BcKO mice or whether any microbes would do. We did a four-way comparison by colonizing germ-free BcKO and heterozygous control littermates with microbiota from BcKO or heterozygous control mice. After ~3 weeks, the gene expression changes of these colonized mice were governed by their genotypes rather than by the source of colonizing microbiota (Fig. 3e,f and Supplementary Fig. 4a ). For example, the expression ratios between conventionally raised BcKO and control mice versus those of the germ-free-reconstituted mice were similar, whether the reconstituting microbiota came from control ( Fig. 3e) or BcKO (Fig. 3f) mice. Thus, microbial interactions are necessary for the expression of the BcKO phenotype, but the host's genotype governs the final outcome.
Gata4-related metabolic defects in BcKO mice
To determine how B cells and the microbiota regulate intestinal metabolism, we searched the promoters of the downregulated genes in the BcKO profile for any highly represented transcription factor binding sites. There were almost seven times more Gata4-binding sites among these promoters than among promoters of ~1,000 jejunally expressed genes that did not differ between BcKO and controls or among promoters of all known mouse genes (Fig. 4a) . Gata4 is a key player in intestinal gene regulation and function, where it is specifically expressed in epithelial cells 22, 23 .
To ask how genes in the BcKO profile might behave in the presence of B cells but the absence of Gata4, we studied mice that specifically lack Gata4 expression only in the intestinal epithelium (Gata4KO vil ) by virtue of a deletion in the Gata4 gene generated by Cre recombinase expressed under a villin promoter 23 . Approximately 60% of the gene expression changes in BcKO mice were also present in Gata4KO vil mice ( Fig. 4b and Supplementary Table 2 ), indicating that the majority of the gene expression changes in the BcKO mice were due to impaired Gata4-dependent functions. These changes were specific to Gata4, as deletions in two other intestinally active transcription factors (Ppara and Klf9) 24, 25 did not lead to similar changes ( Supplementary Fig. 4b ).
Several genes that were concordantly regulated in Gata4KO vil and BcKO mice are involved in fat uptake and metabolism. Slc27a2 encodes a fatty acid transporter 26 ; Osbpl3 encodes an intracellular lipid receptor 27 ; and Acaa1b, Clps, Agmo and Apoc3 encode proteins involved in lipid oxidation, hydroxylation or catabolism. Mice lacking Pdk4 are resistant to the diabetogenic effects of high-fat diets [28] [29] [30] , and Gata4KO vil mice have impaired fat and, especially, cholesterol absorption 23 . We therefore examined lipid uptake in the BcKO mice and found that their cholesterol and fat absorption were indeed less efficient compared to the corresponding heterozygous littermates ( Fig. 4c and Supplementary Fig. 5a ), though there was no difference in overall food intake ( Supplementary Fig. 5b ). We also compared the amounts of fat carried by homozygous BcKO versus heterozygous B cell-sufficient littermates on both regular and high-fat diets and by Gata4KO vil versus control mice. Both types of deficient mice had significantly lower amounts of perigonadal fat than their controls, regardless of diet ( Fig. 4d and Supplementary  Fig. 5c ). We also assessed other body fat stores (inguinal, mesenteric) and general adiposity by nuclear magnetic resonance in an independent group of BcKO mice and found decreased amounts of fat compared to heterozygous littermate controls ( Supplementary  Fig. 5e ). Finally, because fat stores correlate with systemic leptin levels 31 , we measured serum leptin concentrations in Gata4KO vil and BcKO mice and found lower amounts of leptin in both types of deficient mice than in controls ( Fig. 4e and Supplementary Fig. 5d,e) . Thus, many of the metabolic changes seen in BcKO mice seem to be Gata4 dependent.
Immune and metabolic gene networks in gut epithelium
The BcKO profile consists of two parts that are not obviously related: downregulated metabolic and upregulated immune genes (Fig. 1c) .
To search for a physiological link between them, we used a recently developed analytical tool for reconstruction of gene expression networks 32 . Correlations in expression of the genes in the BcKO profile in a group of 39 normal mice (comprising both WT and heterozygous mice) revealed a network of 228 interconnected genes containing 688 connections and two major subnetworks ( Fig. 5a and Supplementary Fig. 6a ). The first subnetwork (77 genes, 56% downregulated), incorporated many of the downregulated metabolic genes, two-thirds of which were Gata4 dependent, and was highly enriched for genes governing lipid transport and other metabolic processes (Supplementary Fig. 6b ). The second subnetwork (41 genes, 88% Supplementary Fig. 5a ). Each line represents a correlation, and each node represents a gene. White lines are positive and black are negative correlations; triangles are Gata4-dependent genes, squares are the T cell genes and circles are all other genes; red node fills indicate upregulation, and light blue fills are downregulation; green node outline is a subnetwork 1, yellow is a subnetwork 2, blue is both subnetworks, and unoutlined node symbols do not belong to either of the two subnetworks. Fig. 6c ). These metabolic and immune subnetworks are connected by five genes and are inversely regulated (Fig. 5a) . This might reflect the activity of two interacting cell types (for example, epithelial and immune cells) or of two sets of genes within a single cell (for example, metabolic and immune genes in epithelium). We found an indication for the first scenario that pointed to T cells, as the immune subnetwork contains a minigroup of highly connected T cell-specific genes (Cd3g, Gzma, Gzmb, Cd8a, Tcrg and Ccl5; Fig. 5a ), and flow cytometry analysis revealed an increased proportion of CD8 + and CD4 + CD8 + T cells in the jejunum of BcKO mice (Supplementary Fig. 7) , consistent with an earlier report that µMT BcKO mice harbor elevated populations of highly cytotoxic intestinal CD8 + T lymphocytes 33 . Downmodulation of intestinal metabolic functions might thus be due to the negative effects of over-exuberant T cell cytotoxic responses. To test this possibility, we analyzed the BcKO profile in RAG2-knockout mice (which lack both B and T cells) and found that the lack of T cells had little impact on the BcKO profile (except for T cell-related genes) and even less effect on Gata4-dependent genes (Fig. 5b) .
The alternative scenario, that there might be a molecular switch between immune and metabolic processes within the epithelial cells themselves, was suggested by our finding that a single gene (Gbp6, encoding an interferon-inducible GTPase 34 ) strongly connects the two subnetworks and correlates positively with immune and negatively with metabolic subnetwork genes. To test this hypothesis, we isolated intestinal epithelial cells (with <5% intraepithelial T cells) and compared their expression of the BcKO profile with that of the intact whole tissue. The epitheliumspecific expression profile resembled that of the whole tissue (Fig. 5c) , with a correlation (r = 0.81) similar to that between the two types of BcKO mice (r = 0.85, Fig. 2b ). Protein amounts (of a small number of testable genes) followed the mRNA levels. On western blots, interferon-induced GTPase abundance was elevated in BcKO epithelial cells compared to heterozygous controls, whereas the metabolic proteins acetyl-CoA acyltransferase 1 and lactase were suppressed (Supplementary Fig. 8) . Histologically, expression of Zbp1 (Z DNA binding protein, a cytosolic bacterial DNA sensor and activator of interferon (IFN)-regulatory factors 35 ), one of the most connected genes in the immune subnetwork, was also elevated in epithelium of BcKO versus heterozygous control mice (Fig. 5d) . Altogether, these data suggest that changes in the intestinal epithelial cells themselves are primarily responsible for the immune and metabolic phenotype we see in the whole-tissue analysis.
Microbe effects on epithelium
Because the epithelial differences between BcKO and control mice were evident only when microbes were present, we asked whether the microbes act directly on the epithelium or indirectly by activating immune cells that, in turn, affect epithelial function. To test this, we added Escherichia coli and Toll-like receptor ligands to the mouse epithelial cell line MODE-K and measured the expression of Gata4-dependent metabolic genes. Although most intestinal epithelial cell lines stop expressing many metabolic genes that are expressed in vivo, we found that the MODE-K cell line retains expression of a few of the Gata4-related metabolic genes in the BcKO profile. Treating MODE-K cells with heat-inactivated E. coli, or with LPS, decreased the expression of most of the metabolic genes and simultaneously induced expression of immune genes (Fig. 6a) . Poly I:C had an effect on half of the tested genes, and CpG treatment induced no significant changes in most of the genes (Fig. 6a) . To test the prediction from the network analysis that IFN-dependent responses would downregulate metabolic genes, we also added a combination of IFN-α and IFN-γ and found that this did indeed cause a direct inhibition of metabolic function (Fig. 6a and Supplementary Fig. 9 ). Therefore, in the absence of B cells or of IgA, the intestinal epithelium itself responds to microbes, upregulating IFN-inducible immune response pathways and simultaneously repressing Gata4-related metabolic functions. Supplementary Figure 9 shows P values for all comparisons. (b) Gene expression ratios between BcKO versus control mice (y axis; n = 27 per group) and between individuals with CVID versus individuals with normal gut histology (x axis; n = 3 per group; left) and between BcKO versus control mice (y axis; n = 27 per group) and between HIV-infected individuals versus healthy controls (x axis; n = 3 per group; right). The Pearson correlation between log 2 ratios for mice and humans is shown. GATA4-dependent genes are shown in pink. (c) A schematic diagram illustrating that, unlike the situation with replete B cells, the balance between immune and metabolic processes within gut epithelial cells in hosts lacking B lymphocytes or IgA antibodies is skewed towards an immune response against microbiota (gray, black, green and blue ovoid objects) at the expense of GATA4-related metabolism, mainly lipid absorption and deposition.
Immunodeficiencies in humans Several features led us to the hypothesis that our results linking B cells, intestinal epithelium and microbiota might be relevant to humans. First, the intestinal microbiota are crucial in host energy uptake and fat metabolism and have been linked to human obesity (reviewed in ref. 36) . Second, the GATA4 gene is ~90% conserved between humans and mice, with similar tissue mRNA expression levels (Supplementary Fig. 10 ). Third, two human immunodeficiencies (CVID and secondary immunodeficiency caused by HIV infection) have similar gastrointestinal syndromes with unexplained malabsorption, low weight gain and steatorrhea (fatty stools) [37] [38] [39] [40] [41] . Although the CVID syndrome was first described ~60 years ago 42 , the molecular pathogenesis of the intestinal defects in either immunodeficiency is still unclear 43, 44 .
To determine whether the molecular mechanisms found in the BcKO mice might also operate in the human disease, we analyzed gene expression profiles of duodenal biopsies from three humans with CVID with gastrointestinal pathology and three immunodeficient subjects with normal duodenal histology. For HIV, we used recently published gene expression data comparing HIV-infected individuals to healthy uninfected people 45 . The gene expression differences between immunodeficient humans and their respective controls were remarkably similar to the results from BcKO mice (Fig. 6b) . Genes concordantly upregulated in immunodeficient mice and humans largely involved immune components, such as T cell genes (CD8A, CD5, TNFSF10), interferon-induced genes (RSAD2, OAS2, IFI44, IFITM, HLA-C, HLA-DRB1) and complement ( Supplementary  Tables 3 and 4) , whereas the downregulated profile contained mostly metabolic functions such as lipid and carbohydrate metabolism (APOC3, PDK4, HPGD, FBP1), oxidative reduction (IYD) and transport of micronutrients, including vitamins (ABCC6, SLC46A1, OPLAH). Finally, ~95% of the Gata4-dependent genes were concordantly regulated in both the BcKO mice and the human immunodeficiencies (Fig. 6b) , suggesting that these genes are directly involved in the human malabsorption and impaired lipid deposition (Fig. 6c) .
DISCUSSION
Our data uncover a three-way conversation in the small intestine between the epithelium, B cells and the microbiota that moderates immunity and also influences intestinal and systemic metabolic homeostasis. This trialogue affects the balance between immune IFN-related and metabolic GATA4-related functions within epithelial cells in both humans and mice, and it seems to be involved in the previously unexplained malabsorption and consequent malnutrition in people with primary and secondary immunodeficiency (from CVID and HIV, respectively).
Although B cells have several functions in immunity 18, 19, 46, 47 , we found that their effect on intestinal metabolism depends on their ability to secrete IgA (the antibody normally found in mucosal surfaces). Most intestinal IgA is directed against intestinal flora 2 , and it can have several different effects. It restricts bacterial access to the epithelium and to intestinal immune cells 2, 48 , and it can change the molecules expressed by bacteria 49 or promote survival of specific bacteria 50 . To isolate the relevant IgA function, we analyzed the microbiota found in normal and B cell-deficient mice. The total numbers of luminal bacteria were similar, and there was no obvious pathogen among the bacteria in BcKO mice. Rather, there were changes in three minor commensal bacterial subsets. This left us with three possibilities. First, the BcKO phenotype was unrelated to the microbiota. Second, minor changes in the microbiota were sufficient to cause the phenotype. Or, third, changes in the activity, rather than the diversity of the intestinal microbiota, were important. To test the first, we derived germ-free B cell-deficient and littermate control mice and found that the BcKO phenotype did indeed depend on the microbiota. To test the second, we transferred the microbiota from BcKO and control mice to germ-free mice and found that both populations of microbes induced the B cell-deficient phenotype in BcKO germ-free recipients, whereas neither induced the phenotype in WT germ-free mice. Together, these results suggested that microbes were needed to reveal the B cell-deficient phenotype, but no particular microbe was essential. However, in a preliminary study, we found that colonization with pure Lactobacillus reuteri (one of the most common jejunal bacteria in both BcKO and heterozygous control mice) did not induce the phenotype (data not shown), suggesting that contact with a particular microbe, or an interacting group of microbes, may be important. The higher levels of serum LPS that we found in BcKO mice suggest that the microbes in these mice are in greater contact with the gut tissue, perhaps directly signaling the epithelium to the presence of the offending bacteria. These results support the idea that disease does not necessarily require the presence of a 'classical' pathogen. Commensals may cause disease or not, depending on the host's genotype, as the functional activity of the same microbe might differ depending on the host 49 .
Because the absence of B cells resulted in the increased expression of many immune genes, we asked whether the downregulation of metabolic function in epithelial cells was an indirect result of increased activity by cells of the immune system or a result of changes of expression in the epithelium itself. By network analysis, we found that the epithelial cells have two interacting gene networks, one governing lipid metabolism (mostly regulated by Gata4) and one governing innate immunity (mostly made up of IFN-dependent genes) that are inversely connected via a small number of genes, with the main one being Gbp6, an IFN-inducible gene suggested to have antibacterial function 34 . Isolated epithelial cells from BcKO mice, tested immediately ex vivo, showed increased immune function and decreased metabolic function at both the RNA and protein levels. Further, an epithelial cell line responded directly to bacteria and bacterial components, as well as to IFNs, by upregulating immune genes and downregulating metabolic ones. Together, these data suggest that the intestinal epithelium responds to bacteria, and to inflammatory signals, by upregulating its own immune functions while downregulating its metabolic ones. The reverse can also occur, as we saw that the intestinal cells of Gata4KO vil mice, which have decreased metabolic function and gene expression, have simultaneously increased their expression of immune genes.
It is noteworthy that the connections between the epithelial immune and metabolic functions are not specific to B cell deficiency, as the gene expression network was reconstructed on the basis of the variability of gene expression seen in normal mice. Therefore, the interplay between immune and metabolic processes within epithelial cells is a normal physiological process that becomes skewed in the small intestine of mice lacking B cells.
Immunodeficient humans with CVID or HIV have several features in common with the BcKO and IgAKO mice, suggesting that the underlying mechanism of the gastrointestinal disorders is similar in the two species. First, as in BcKO mice, no pathogen has consistently been associated with gastrointestinal syndrome in people with CVID or HIV 38, 43 . Second, in some cases, HIV-infected people have low populations of intestinal IgA-secreting plasma cells 43, 51, 52 . Third, although many immunodeficient humans are routinely treated with IgG infusions (which help to protect them from infections), such infusions do not ameliorate the gastrointestinal problems in CVID 38, 44 . Similarly, two months of IgG injections did not result in any normalization of the intestinal gene expression profile of BcKO mice (data not shown). Our finding that IgA is the major B cell product maintaining the metabolic trialogue suggests that it might be useful to develop a pool of stable, intestinal IgA molecules to add to the current treatment protocol. Fourth, there is a link through GATA4. The expression of GATA4-dependent genes is similarly affected in BcKO mice and in CVID and HIV intestinal biopsies, suggesting that the molecular mechanism of malabsorption is similar in mice and humans. It has been proposed that these metabolic alterations might result from harmful activity of cytotoxic T cells residing in the gut of immunodeficient people 38 . Our results, however, indicate that T cells have little influence on the metabolic dysbalance; rather, epithelial cells themselves redirect their activity from metabolic to immune function in response to changes in the microenvironment. Therefore, treatment for GI syndrome might need to be refocused from generic anti-inflammatory medication to specific modulation of GATA4-dependent activity of epithelial cells.
Finally, our study supports our previous proposal 16, 17 that tissues take an active role in their own immune protection. In the presence of a functional adaptive immune system, the intestinal epithelium can concentrate on its metabolic functions. However, if the adaptive immune system is dysfunctional (in this case because it lacks B cells), the intestinal epithelium takes on some of the missing immune functions at the expense of its metabolic activity (Fig. 6c) . It will be worthwhile to investigate further how often such diversion is the basis for autoimmune disease.
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